We have developed a computing method to determine the geometrical parameters of fibers and the textile periodical structure. This method combines two two-dimensional discrete fast Fourier transforms to calculate a diffraction pattern from a diffraction pattern image of material under consideration. The result is the same as that of observation of a diffraction pattern which is achieved by illuminating the diffraction pattern image of material by a beam of coherent monochromatic light. After the first transform we obtain the Fraunhofer diffraction picture with clearly visible elements of the periodical structure of material, but distances in this picture are reciprocally proportional to distances in the periodical structure of the source object so additional calculations are required. After the second transform we have a clear periodical structure of diffraction maximums where distances between them are equal to distances between repeating elements in the source material (fibers, knots, yarns, etc.).
Introduction
The structure of textile materials consists of a network of repeating fibers. For instance, in plain weaving the structure repeats along warp and weft [1] . The important parameter is the distance between warp and weft yarns, which influences textile quality. In spun yarns fiber turns compose a periodical structure where the step between turns determines the twist angle and therefore the yarn strength [2] . The task to be solved was to develop automatic methods for determining steps in such periodical structures.
The diffraction method was claimed to analyze diffraction patterns produced after projecting the textile materials with a laser [3] . Also a numerical method was developed to calculate the same diffraction patterns using a two-dimensional discrete fast Fourier transform of a digital picture of the source material. A special software application measured distances between diffraction maximums [4] . Then real distances in the periodical structure of material could be calculated using the physical parameters of our experimental diffraction system. The distances of in the diffraction patterns depended on the length of the monochromatic wave which illuminated the material and the distance between the material and the screen where the diffraction pattern was projected. In the numeric method it depended on the microscope's magnification and the digital image resolution.
The idea arose to use the same diffraction method for the diffraction pattern image of the source material, which would form a new diffraction pattern periodical structure where distances between diffraction maximums would be equal to distances between elements in the source periodical structure.
Experimental Section
The scheme of our experimental system is shown in Figure 1 . We take the image of the diffraction pattern 1 which is produced on the screen when a beam 2 of coherent light illuminates the material 3. L is the distance between the piece of material and the screen with the diffraction pattern.
In the next stage of the experiment, we illuminate the image of the diffraction pattern 1 by coherent light 2, replacing the material 3 with the image of the diffraction pattern 1, and achieve the diffraction pattern 4.
When we illuminate the piece of textile material with a beam of coherent light we have the Fraunhofer diffraction which can be described by the equation given by [5] :
where C is a constant value; λ is a light wavelength; p = x/L and q = y/L are relative coordinates; L is the distance from the object to the screen, L >> x, y; coordinates (ξ, η) are in the same plane as the object and parallel Cartesian coordinates (x, y), zero points of both coordinate systems are on the same optical axes as the light source and σ is the square of the object's illuminated areas.
The intensity in point (x,y) is proportional to the amplitude times its complex conjugate:
where U * is the complex conjugate of U.
If the object is illuminated by a monochromatic wave with non-equal complex amplitude u(ξ,η) which depends on ξ and η [6] , the following formula can be used: 
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For a discrete digital image we can write that ξ = nΔ, η = mΔ, х = k∆ and у = l∆; where Δ is the distance between pixels in a digital image, n = −N/2,…, N/2 − 1 and m = −M/2,…, M/2 − 1; N and M are the size of the digital image in pixels.
Then we can write Equation (3) as a sum of discrete values [4] :
Expression in Equation (4) is similar to the expression for the two-dimension discrete Fourier transform and can be calculated by FFT [4] . Thus the diffraction pattern can be computed by the twodimensional discrete fast Fourier transform algorithm.
According to the Abbe theory (for example, see [7] ) two 2D Fourier transforms produce the inverted image of the source object similar to the optical system of two sequential lenses. In our method after completing the first 2D Fourier transform of the source material digital image we have a two-dimensional discrete field of complex amplitudes U. The resulting image can be achieved after replacing the complex amplitudes U by values of their intensities I and applying the second 2D Fourier transform to this field of intensities. The next example demonstrates differences between the Abbe theory and our method.
For instance, we consider a simple linear sequence {u − 2 , u − 1 , u 0 , u 1 } of four elements. The expression of Fourier transform is
where N = 4. Then
After the second Fourier transform the result 2 U −k is in common with u k
This result confirms the Abbe theory. But if we substitute complex U j for real I j = U j U j * after the first Fourier transform we achieve another result
after the second Fourier transform
That confirms the difference between our method and the optical system using two lenses described by two sequenced Fourier transforms.
In Figure 1a the distances T ξ and T η between units in the periodical structure of material 3 can be calculated using distances between maximums in the diffraction pattern 1:
where D x1 and D y1 are average distances between diffraction maximums along the X and Y axes of image 1 [4] .
If distances between maximums in diffraction pattern 4 are D x2 and D y2 (Figure 1b ) then:
where K is the same value as in Equation (9) which depends on our diffraction system magnification. When we substitute Equation (10) for Equation (9) we have:
This means that distances between diffraction maximums in the image after the second Fourier transform are equal to distances between units of periodical structure in the source image of the material. To calculate T ξ and T η we only have to multiply D x2 and D y2 by a magnification coefficient of the digital camera taking the source photograph.
Results and Discussion
We have conducted a series of numerical experiments with different types of textile materials where we computed the diffraction pattern digital picture of the source image of the material and then we calculated the diffraction pattern image of this picture.
The Figure 2 demonstrates differences between double Fourier transforms using two-lens systems and our method. 
If we apply a Fourier transform to the digital image (Figure 2a ), we achieve a 2D field of complex values. If we apply a Fourier transform to this complex field, we obtain the inverted source image (Figure 2b) . T ξ is the distance between columns of knitting and T η is the distance between rows of knitting.
If we apply a Fourier transform to the digital image ( Figure 2a ) and convert a 2D field of complex values U(x,y) to the digital image of the diffraction pattern calculating the intensities I(x,y) of every pixel by (2), we can apply a Fourier transform to this calculated diffraction pattern and achieve the digital image of the diffraction pattern of the diffraction pattern from the source image (Figure 2c) where we can clearly see the periodical structure of the source material and measure periods. T ξ = D x2 , T η = D y2 . Figure 3 shows how to measure the turn period of a twisted yarn using our method. There is no difficulty in measuring the distances between diffraction maximums in Figure 3b and they are equal to the yarn's twist periods.
We have developed a program that automatically makes the necessary measurements (see screenshot, Figure 4) .
On the left side of the program window, the graph shows the distribution of digital image pixel intensities along the vertical axis Y. We can clearly see peaks of diffraction maximums and measure the distances between them. Measurements are also calculated for the digital image of the diffraction pattern from the diffraction pattern of the twist yarn digital photograph. These distances (in pixels) are equal to periods of twists in the yarn digital image. Thus we can calculate real distances (in micrometers) if we know the magnification of the microscope and the digital camera for taking the photo of the twist yarn. The program has been developed in C++ with Microsoft .NET Framwork supporting. Two additional examples of using our method are in Figure 5 and Figure 6 . The digital microphotograph of the simple woven cloth is in Figure 5a . The distances between yarns are T ξ and T η . After applying our method to this digital image we achieve the diffraction pattern (Figure 5b) where we can measure the distances D x2 and D y2 between diffraction maximums using our program (Figure 5c ). If the original size of the image was 512 × 512 pixels then T ξ = D x2 = 60 pixels and T η = D y2 = 52 pixels.
The digital microphotograph of the tartan is in Figure 6a . The distances between yarns are T ξ and T η . After applying our method to this digital image we achieve the diffraction pattern (Figure 6b ) where we can measure the distances D x2 and D y2 between diffraction maximums using our program (Figure 6c) , 
Conclusions
We offer a new method of textile material structure analysis which is based on principles of the Fraunhofer diffraction. The images for analysis can be achieved in the physical diffraction apparatus as in Figure 1 or can be calculated using numerical methods for diffraction pattern calculations [4] . In both cases we obtain an image where we can determine distances between periodical units more that are better-defined than in the source material. Periodical units in the source material can have complex geometry, making it difficult to determine them automatically, but here they are shown by bright diffraction maximums which can be easily selected.
This method is easier to use than the method determining distances from a diffraction pattern image after the first Fourier transform [4] because values of periods in diffraction patterns are inversely proportional to periods in the source periodical structure. The second diffraction pattern solves this problem.
This method is also easier than methods which determine edges of complex forms in digital images such as the Hough transform (for example, see [8] ).
